An optical fiber sensor to simultaneously measure strain and temperature was designed and embedded into an adaptive composite laminate which exhibits a shape change upon thermal activation. The sensor is formed by two fiber Bragg gratings, which are written in optical fibers with different core dopants. The two gratings were spliced close to each other and a sensing element resulted with Bragg gratings of similar strain sensitivity but different response to temperature. This is due to the dependence of the fiber thermo-optic coefficient on core dopants and relative concentrations. The sensor was tested on an adaptive composite laminate made of unidirectional Kevlar-epoxy pre-preg plies. Several 150µm diameter pre-strained NiTiCu shape memory alloy wires were embedded in the composite laminate together with one fiber sensor. Simultaneous monitoring of strain and temperature during the curing process and activation in an oven was demonstrated.
INTRODUCTION
Fiber Bragg gratings (FBGs) have demonstrated a great potential for sensing applications, since their response is directly wavelength-encoded and they can easily be embedded into materials with a negligible impact on the mechanical properties of the host [1] . In particular, incorporation of FBG sensors into fiber-reinforced composite materials permits in-situ monitoring from the curing stage to their operation. A promising application consists in the control of the activation of adaptive composites, for example the strain response upon heating of materials containing shape memory alloys (SMA) [2, 3] . However, the use of FBG sensors is limited by their simultaneous dependence to strain and temperature. To overcome this cross sensitivity, a number of techniques have been proposed, most of them relying on the deconvolution of two simultaneous measurements. These methods include the dual-wavelength superimposed gratings [4] , the use of first-and second-order diffraction grating wavelengths [5] , FBGs in optical fibers with different dopants [6, 7] , hybrid Bragg grating/long-period gratings [8] , dual-diameter FBGs [9] , FBGs combined with EDFAs [10] , FBG/EFPI combined sensors [11, 12] , FBGs in high-birefringence optical fibers [13] , the employment of strainfree FBGs [14, 15] and a combination of FBGs of different 'type' [16, 17] . The use of a strain-free reference grating turns out to be the most efficient way to discriminate strain and temperature. On the other hand, it is not easy to implement this technique when sensors must be embedded into a host composite.
In this work, the strain and temperature into an adaptive composite laminate were simultaneously measured by using a FBG based sensor. The technique relying on the combination of two FBGs written in optical fibers with different core dopants was improved for such application. A suitable couple of optical fibers were selected, and their temperature and strain sensitivities were measured before integration. Finally, strain and temperature inside a Kevlar epoxy composite laminate with SMA wires were obtained simultaneously during curing and activation in a thermal chamber.
FIBER BRAGG GRATING SENSOR
A fiber Bragg grating consists in a periodic change of the core refractive index of an optical fiber and reflects light around the resonance peak wavelength defined by the following phase matching condition: 
where α is the coefficient of thermal expansion of the fiber material, ξ is the thermo-optic coefficient and e p is the strain-optic constant [1] . The relative Bragg wavelength shift ∆λ B /λ B may be simply written as a function of the temperature sensitivity T K α ξ = + and strain sensitivity 1 K p ε ε = − of the fiber Bragg grating:
The response of two fiber Bragg gratings having different temperature and/or strain sensitivities can be combined in a linear system of two equations, which can be solved for obtaining simultaneously the temperature change and strain:
where the subscripts 1,2 indicate the specific FBGs. Equation (4) can be rewritten in the vector form as x = K -1 y. In order to efficiently discriminate the temperature and the strain contributions, the matrix of coefficients K must be wellconditioned [18] . As a matter of fact, the relative error x δ in temperature and strain is related to a Bragg wavelength change vector y δ as follows:
is the condition number of the matrix of coefficients K [19] . In order to reduce the error in the simultaneous evaluation of strain and temperature, a small condition number is desired.
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Fiber Bragg grating Figure 1 : Design of the FBG based sensor for temperature and strain discrimination.
The thermo-optic coefficient of an optical fiber depends on the core dopants and their relative concentrations [6] [7] 20] . Based on this principle, two fiber Bragg gratings fabricated in optical fibers with different core dopants are spliced close to each other to become a single and compact sensing element ( Figure 1 ). A panel of fibers was investigated, and the couple with the best condition number was selected. The fiber specifications and the fabrication parameters are listed in Table 1 . The gratings were fabricated in these optical fibers through the phase-mask technique using a 193 nm ArF excimer laser. The same phase mask with a period of 1058.5 nm was used. The length of the gratings was of 7 mm and their reflectivity was around 50 %. Since the maximum curing temperature of the Kevlar epoxy composite material is of 140 °C, the FBG sensors were pre-annealed at 160 °C during 48 hours, in order to ensure the Bragg wavelength stability [21] . Finally, the two gratings were spliced to each other as shown in Figure 1 and formed a FBG sensor with a total gauge length of 15 mm. Temperature and strain sensitivities of the gratings were separately measured. The wavelength shift of the Bragg gratings was measured in reflection with a wavelength resolution of 0.1 pm by a tunable laser (Tunics 1550, Nettest), a photo-detector (MA9305B, Anritsu) and a wavelength meter (WA-1500, EXFO Burleigh). The relative wavelength shifts for the Bragg gratings when increasing the temperature from 25 to 140 °C with increments of 10 °C are plotted in Figure 2 . Each grating was heated in an oven and the temperature measured with a resolution of ±0.1 °C by a thermocouple connected to a voltmeter (FLUKE 52k/J). The sensor response to temperature follows well a quadratic behavior. However, in order to use equation (4) for simultaneously recovering of strain and temperature, both responses are fitted to linear curve, which give slight errors in the temperature range considered. The solid and dotted lines represent the linear fitting to the experimental data for the G22 and PS1500 fibers, respectively. The G22 fiber had a temperature coefficient ⋅°. The thermal expansion coefficient of the fiber material is nearly an order of magnitude lower than the thermo-optic coefficient [22] . Thus the temperature sensitivity is mainly affected by the thermo-optic coefficient, which, in turn, depends on the concentrations of GeO 2 and B 2 O 3 in the core. This explains the difference in temperature sensitivity of the gratings written in the G22 and PS1500 silica fibers. The condition number of this FBG couple was calculated and is compared in Table 2 to that of similar methods found in literature. The fiber couple from this work looks very promising as it concerns accuracy to simultaneously discriminate the temperature and strain. The condition number was improved by about 50 % with respect to similar techniques and is of the same order of magnitude of sensors combining Bragg gratings of different 'type' [16] . 
CURING AND ACTIVATION MONITORING OF ADAPTIVE COMPOSITE
The sensor was embedded into an adaptive composite laminate. The base composite is an unidirectional laminate made from Kevlar 29 aramid fibers and LTM217 epoxy resin pre-preg (Advanced Composites Group, UK), with about 60% volume fraction fibers. Several shape memory alloy NiTiCu wires from Furukawa with a diameter of 150µm were embedded in the laminate together with the optical fiber. These wires are martensitic at room temperature, and transform to austenite at 40°C. If they are deformed at room temperature, they will try to recover their initial shape upon heating, exerting strong recovery forces. As a consequence, strain or shape change will result in the material upon thermal activation. The specimen configuration is shown in Figure 4 . The composite was stacked as [0 2 /{0}/0 2 ] T on an aluminum base plate and 8 shape memory wires were laid on the neutral axis of the specimen. The FBG sensor was inserted in between the SMA wires. The SMA wires were maintained in a frame, and pre-strained to 3%. The pre-strain was maintained during the curing process. Details on the processing of the adaptive composites are given in [2, 3] . The whole assembly was then placed in a vacuum bag, and maintained under vacuum during the composite cure and post-cure. A thermocouple was attached to the bag surface close to the sample in order to have a reference temperature. The experimental set-up for the cure monitoring is described in Figure 5 . The light from the polarized tunable laser passes through a polarization scrambler for eliminating any birefringence effect of the Bragg grating sensors. In addition, the tunable laser light wavelength is continuously calibrated by using a wavelength meter, which has a resolution of 0.1 pm . The lightsource wavelength, the light intensity reflected by the sensor and the temperature measured by the thermocouple were acquired by a computer controlled data acquisition system.
The composite laminate sample was placed in the autoclave and cured according to the LTM217 epoxy resin cycle. The temperature was increased from room temperature to 70 C with a rate of 4 C /min and maintained constant for 12 hours. After the first dwell, the temperature was increased to 140 C and the heating rate was set to 20 C /hour. After the second dwell, the temperature was lowered back to room temperature. The total cure cycle was of 24 hours with two temperature steps. During curing both the internal strain and the temperature were recorded simultaneously according to equation (4) , as shown in Figure 6 . At the beginning of the curing process, the strain was zero and the room temperature was of 27 C . After closing the autoclave, the temperature was increased to 70 C in one hour. In this time interval, the temperature and the strain could not be measured by the FBG sensor, because the changes were too fast for the interrogation system to follow. Indeed, 14 minutes were required to acquire a FBG sensor value due to the low scanning speed of the laser/wavelength meter system over the gratings wavelength range. During the dwell, the strain was positive in the composite because the thermal expansion of the aluminum base-plate (corresponding to about 1000 µε ) was partially transferred to the composite. Then the strain decreased as a result of the polymer cross-linking. During the second heating ramp, the strain further decreased since the thermal expansion coefficient of the composite is negative. In the post-curing phase, the strain still decreased because of the polymer cross-linking. Finally, in the cooling down the composite expanded due to its negative thermal expansion coefficient. After the curing process, the residual internal strain was of 340 µε . The temperature measurement from the FBG sensor followed the thermocouple values within 6%. The thermocouple is placed on the surface of the sample while the fiber sensor is embedded inside the laminate. This can result in a small temperature difference and can add to the maximum experimental errors of ±22.1 µε and ±2.4 C calculated for the this FBG sensor [18] . After the curing process, activation of the SMA wires was performed by heating the composite sample in an oven up to 100 C . Figure 7 shows the recovery strain in the composite measured by the FBG sensor. The composite contracted when heated due to the combined effects of the negative thermal expansion and the recovery of the SMA wires above their transformation temperature. The experimental strain-temperature curve compared well with an elastic force balance analysis [3, 23] .
CONCLUSIONS
In this paper, a sensor suitable for the simultaneous measurement of strain and temperature within a host composite material has been realized and tested. The sensor is formed by two FBGs, which are written in optical fibers with different dopants. A sensing element results with two Bragg gratings having peak wavelengths around 1550 nm of similar strain sensitivity but different response to temperature due to the dependence of the fiber thermo-optic coefficient on the core dopants and dopants concentration. FBGs in a germano-silicate fiber with 22 mol% GeO 2 and in a Fibercore PS1500 germanium-boron co-doped fiber were selected for building this sensing element. The temperature coefficients were different by 26%, resulting in an improved condition number with respect to similar works.
Strain and temperature of a Kevlar epoxy adaptive composite, in which several 150µm diameter NiTiCu shape memory alloy wires were embedded, are measured simultaneously using an embedded FBG sensor during the cure cycle. Finally, activation tests were performed on the composites by placing them in an oven up to 100 °C, and monitoring the strain and temperature. The composite contracted upon heating due to the recovery of the SMA wires above the transformation temperature. The experimental strain-temperature curve compared well with an elastic force balance analysis.
